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Understanding properties of QCD matter created in ultra-relativistic heavy-ion collisions is a ma-
jor goal of RHIC and LHC experiments. An excellent tool to study these properties is jet suppression
of light and heavy flavor observables. Utilizing this tool requires accurate suppression predictions
for different experiments, probes and experimental conditions, and their unbiased comparison with
experimental data. With this goal, we here extend our dynamical energy loss formalism towards
generating predictions for non-central collisions; the formalism takes into account both radiative and
collisional energy loss, dynamical (as opposed to static) scattering centers, finite magnetic mass, run-
ning coupling and uses no free parameters in comparison with experimental data. Specifically, we
here generate predictions for all available centrality ranges, for both LHC and RHIC experiments,
and for four different probes (charged hadrons, neutral pions, D mesons and non-prompt J/ψ). We
obtain a very good agreement with all available non-central data, and also generate predictions for
suppression measurements that will soon become available. Finally, we discuss implications of the
obtained good agreement with experimental data with different medium models that are currently
considered.
PACS numbers: 12.38.Mh; 24.85.+p; 25.75.-q
INTRODUCTION
Jet suppression [1] of light and heavy observables provides an excellent tool [2–4] for studying properties of QCD
matter created in ultra-relativistic heavy ion collisions. Mapping these properties is also a major goal of RHIC
and LHC experiments, which requires comparison of jet suppression measurements with corresponding theoretical
predictions. To ensure the unbiased comparison with experimental data, it is necessary to generate predictions for
different experiments, experimental probes and experimental conditions, within the same theoretical model. With a
major goal of generating these predictions, we developed dynamical energy loss formalism, that i) allows treating, at
the same time, both light and heavy partons, ii) is computed in dynamical QCD medium (i.e. takes into account
recoil of the medium constituents), iii) includes both collisional [5] and radiative [6, 7] energy losses, computed
within the same theoretical framework, iv) includes realistic finite size effects, i.e. the fact that experimentally
created QCD medium has finite size, and that the jets are produced inside the medium, v) includes finite magnetic
mass effects [8] and running coupling [9]. We further integrated this formalism into numerical procedure which also
includes multi-gluon fluctuations [10], path length fluctuations [11] and most up-to-date jet production [12, 13] and
fragmentation functions [14]; the procedure allows generating predictions with no free parameters used in comparison
with experimental data.
We previously applied the computational procedure outlined above for generating predictions in most central colli-
sions for a number of different probes at LHC [9]. These predictions showed a very good agreement with experimental
data; however, a comprehensive comparison also requires generating predictions for non-central collisions at RHIC
and LHC. With this goal, we here extend the formalism towards generating predictions for different centrality ranges.
We consequently generate the suppression predictions for all available centrality ranges, for both RHIC and LHC
experiments and for four different probes - specifically for charged hadrons, D mesons and non-prompt J/ψ at LHC
and neutral pions at RHIC. Such comprehensive comparison allows testing some of important assumptions behind
our current understanding of the created QCD matter, such as ranges of validity for different medium models.
THEORETICAL FRAMEWORK
The numerical procedure for calculating jet suppression for central collisions is outlined in detail in [9]. We below
first briefly list the main steps in this procedure and then describe the extension of the procedure that is necessary
for generating the predictions for non-central collisions:
i) Energy loss calculations: Our model takes into account both radiative and collisional contributions to jet energy
loss. Specifically, the radiative energy loss calculations present a state-of-the-art extension of a well-known DGLV
2model [15, 16] towards a finite size dynamical medium [6, 7], finite magnetic mass [8] and running coupling [9]. These
extensions are further discussed below:
ii) Dynamical scattering centers: To calculate the radiative energy loss, we use finite size dynamical energy loss
formalism. This formalism removes an ubiquitous assumption of static scattering centers [17] and takes into account
that the medium constituents are in reality dynamical, i.e. moving particles; similarly, the unrealistic assumption of
infinite medium is also removed. Calculations of the jet energy loss in dynamical medium are done by using two-
hard-thermal-loop approach. In contrast to the static energy loss, where only the electric contribution appears in the
final result, both electric and magnetic contributions appear in the dynamical case. This then directly leads to the
question of finite magnetic mass, which we further discuss below.
iii) Magnetic mass: In pQCD energy loss calculations - including our (initial) dynamical energy loss formalism [6, 7]
- magnetic mass is taken to be zero. However, different non-perturbative approaches suggest a non-zero magnetic
mass at RHIC and LHC (see e.g. [18–21]). To address this issue, we generalized the dynamical energy loss calculations
to the case of finite magnetic mass. Introducing the finite magnetic mass is described in detail in [8], where the finite
magnetic mass is introduced through generalized sum-rules.
iv) Running coupling: Introducing the running coupling is described in detail in [9]. One should note that the
obtained result is infrared safe and moreover of a moderate value. There is consequently no need to introduce an
artificial cutoff as is commonly done elsewhere with the running coupling.
v) Jet suppression procedure: We further integrated the energy loss formalism outlined above into a numerical
procedure that includes: light and heavy flavor production [12, 13], path-length [11] and multigluon [10] fluctuations,
up-to-date fragmentation functions [14] for light and heavy flavor and the decay of heavy mesons to single electrons
and J/ψ. In the calculations, as a start point we use an effective temperature of 304 MeV for 0-40% centrality Pb+Pb
collisions at LHC (as extracted by ALICE [22]) and effective temperature of 221 MeV for 0-20% centrality Au+Au
collisions at RHIC (as extracted by PHENIX [23]). The other parameter values are specified in the next section, while
the details of the procedure are provided in [9]. Note that we use no free parameters in comparison with the data,
i.e. all the parameters that we use correspond to standard literature values.
To extend the computational procedure outlined above to non-central collisions, we start by obtaining the path-
length distributions for different centrality ranges from [24]. Furthermore, we determine the temperature for each
centrality region according to [15] T 3 ∼
dNg
dy
V → T = c
(
dNg
dy
Npart
)1/3
(for more details see [25]), where
dNg
dy is gluon
rapidity density, V is the volume of created medium, and we take that V ∼ Npart (number of participants for a
given collision). Furthermore, c is a constant for a specific system/collider energy, and
dNg
dy
Npart
is directly proportional
to experimentally measured charged particle multiplicity per participant pair (
dNch
dy
Npart/2
), which is measured for both
RHIC [26] and LHC [27] and across different centralities. The constants c can be fixed through ALICE measurement
of effective temperature for 0−40% centrality at 2.76 TeV Pb+Pb collisions LHC, and through PHENIX measurement
of effective temperature for 0− 20% centrality at 200 GeV Au+Au collisions at RHIC (see above).
NUMERICAL RESULTS
In this section, we concentrate on 200 GeV Au+Au collisions at RHIC and 2.76 TeV Pb+Pb collisions at LHC,
and present our suppression predictions for light and heavy flavor observables. We proceed by considering a QGP
with nf =2.5 effective light quark flavors for RHIC and nf =3 for LHC. Perturbative QCD scale is taken to be
ΛQCD = 0.2 GeV. For the light quarks we assume that their mass is dominated by the thermal mass M =µE/
√
6,
where the temperature dependent Debye mass µE(T ) is obtained from [28]. Magnetic mass µM is taken as 0.4µE <
µM < 0.6µE [18–21], and the gluon mass is mg = µE/
√
2 [29]. For the charm (bottom) mass we use M =1.2GeV
(M =4.75GeV). Path-length distribution and temperatures for different centralities are computed according to the
procedure outlined in the previous section. Parton production, fragmentation functions and decays, which are used in
the numerical calculations, are specified in [9]. Note that, on each panel of every figure, the gray region corresponds
to the range of 0.4 < µM/µE < 0.6, where the upper (lower) boundary of each band corresponds to µM/µE = 0.6
(µM/µE = 0.4).
We start by generating predictions for momentum dependence of jet suppression at LHC experiments, for different
centrality regions, which are shown in Figs. 1 and 2. Each panel in these figures shows a fixed centrality region (0−5%,
5− 10%, 10− 20%, etc.) and for each of these centrality regions, momentum dependence of RAA is shown. Figure 1
shows predictions for charged hadron RAA and their comparison with relevant ALICE and CMS experimental data
3FIG. 1: Theory vs. experimental data for momentum dependence of charged hadron RAA for different centrality
bins at LHC. The panels show the comparison of charged hadron suppression predictions with experimentally measured RAA
for charged particles at 2.76 Pb+Pb collisions at LHC, for different (fixed) centrality ranges. Red circles and blue squares
correspond to ALICE [30] and CMS [31] experimental data, respectively. In the lower right corner of each panel we denote the
centrality for which the data and the predictions are presented. Note that, on the third and the fourth panel, CMS data for
centrality bin 10-30% are shown. Similarly, on the fifth and the sixth panel, CMS data for centrality bin 30-50% are shown, on
the seventh and the eight panel, CMS data for centrality bin 50-70% are shown, and on the ninth panel CMS data for 70-90%
in centrality are shown.
at 2.76 TeV Pb+Pb collisions at LHC. In Fig. 2 predictions for D meson RAA are shown; predictions for 0− 10% and
30 − 50% are compared with the available ALICE data, where a very good agreement can also be seen. Note that
predictions for 30−50% region were generated before the experimental data that are now shown in the figure became
FIG. 2: Theory vs. experimental data for momentum dependence of D meson RAA for different centrality bins
at LHC. The left panel shows the comparison of D meson suppression predictions with D meson RAA at 0− 7.5% central 2.76
Pb+Pb collisions at LHC [32] (the red triangles). The other three panels show the theoretical predictions for D meson RAA for
centrality bins 10− 30%, 30− 50% and 50− 80%, respectively. In the third panel (30− 50% centrality region), the predictions
are compared with ALICE preliminary data [33] that recently became available.
4FIG. 3: Theory vs. experimental data for momentum dependence of neutral pion RAA for different centrality
bins at RHIC. The panels show the comparison of neutral pion suppression predictions with RAA for neutral pions at 200
GeV Au+Au collisions at RHIC, for different (fixed) centrality regions. Purple triangles correspond to PHENIX [35] data. In
the lower right corner of each panel we denote the centrality for which the data and the predictions are presented.
FIG. 4: Theory vs. experimental data for participant dependence of light and heavy flavor RAA at RHIC and
LHC. The first panel compares theoretical predictions with experimental data for participant dependence of pi0 RAA [35] at
200 GeV Au+Au collisions at RHIC, where pi0 momentum is larger than 7 GeV. The second, third and fourth panel compares
theoretical predictions with experimental data for participant dependence of, respectively, h± [36], D meson [37] and non-
prompt J/ψ [38] RAA at 2.76 TeV Pb+Pb collisions at LHC. The jet momentum ranges for the second, the third and the forth
panel are, respectively, 6-12GeV, 8-16GeV and 6.5-30GeV.
available [34]. The experimental data for the rest of the predictions (the other two panels in Fig. 2) are expected to
become available soon.
In Figure 3, we show equivalent predictions as in Figs. 1 and 2, but for RHIC measurements of neutral pions at
200 GeV Au+Au collisions. Each panel shows predictions for different (fixed) centrality bin, which are compared
with experimental data. Similarly as for LHC measurements, we see a very good agreement between the theoretical
predictions and RHIC data.
In Figure 4, instead of fixing the centrality ranges (as in Figs. 1-3), we fix the momentum regions and explore
how RAA changes for different centrality values (i.e. number of participants). The predictions are generated for both
RHIC and LHC experiments, and for various probes. Specifically, we compare our predictions with experimental data
for neutral pions at RHIC and charged hadrons, D mesons and non-prompt J/ψ at LHC. One can see that we here
also obtain a robust agreement with the experimental data.
5CONCLUSIONS
We here generated suppression predictions for all available centrality ranges, for both RHIC and LHC, and for
diverse experimental probes. These predictions were generated by the same theoretical formalism and within the
same numerical procedure. Furthermore, all the predictions within the same experiment (i.e. within RHIC and
within LHC) were generated with the same parameter set, which corresponds to standard literature values, and with
no free parameters used in comparison with experimental data. We obtained an excellent agreement of the theoretical
predictions with the diverse experimental measurements, for all momentum ranges larger than 10 GeV.
The robust agreement discussed above has interesting implications for ranges of validity of different medium models,
which are incorporated in different approaches to jet suppression predictions. As discussed in the Introduction, our
calculations employ state-of-the-art method for energy loss calculations and numerical procedure for suppression
calculations, but do not explicitly take into account the medium evolution (i.e. the evolution is taken into account
through effective/average medium parameters). This is in contrast to a number of other approaches (see e.g. [39–42]),
which simplify the energy loss to a various degree, in order to more explicitly incorporate the evolving medium.
Consequently, the obtained robust agreement with the experimental data above 10 GeV strongly suggests that, for
hard probes, expansion of the medium does not play a major role in explaining the jet propagation in ultra-relativistic
heavy-ion collisions. We hypothesize that the reason behind this result is that hard probes have such a large amount of
energy and the created medium is so short, that the hard probe propagation is only sensitive to the average properties
of the created medium. This hypothesis remains to be tested in the future, and ranges of validity for different medium
models have to be mapped. Such mapping can both considerably simplify theoretical predictions, and even more
importantly, facilitate intuitive understanding of complex experimental data.
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